We report on the structural and optical properties of GaN epitaxial layers grown on GH-Sic. We employed the sublimation sandwich method to grow single crystal layers at high growth rates with free carrier concentrations of 2 X 1Oi7 cmw3. Very narrow x-ray diffraction peaks of the GaN (0002) plane are obtained indicating the high quality of this system. These tidings are directly reflected in the optical properties. The photoluminescence shows a single sharp exciton line with a half width of 4 meV. Impurity related donor acceptor transitions are seen with very weak intensities. However, at lower energies the internal luminescence transitions of the 3d transition metal ions Fe and V are observed.
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III-V nitride semiconductors are currently the subject of intense research because light emitting devices based on these materials cover a wide spectral range, from orange to blue to ultraviolet.' A major breakthrough has been achieved by using sophisticated growth techniques such as molecular beam epitaxy (:MBE)' or metal organic chemical vapor deposition "'4 (MOCVD) . However, the structural and optical properties of the layers are intimately connected to the substrate material used in the epitaxial growth. Key issues include lattice matching of substrate and epitaxial layer and the difference in thermal expansion and conductivity between the substrate and epitaxial layer. The lattice mismatch for GaN grown on 6H-Sic is only 3.5% compared to 14% for commonly used sapphire substrates. The superior quality of GaN epitaxial layers grown on 6H-Sic has been recently demonstrated. ' The sublimation sandwich technique has been used for the epitaxial growth of high-quality Sic layers of various polytypes on Sic substrates. 6'7 We employed this techniques to obtain GaN layers on 6HSiC. In this letter we will show photoluminescence, reflectance, and x-ray diffraction results and compare these samples with published data of MBE and MOVCD grown material.
The GaN epitaxial layers are grown from metallic Ga and activated ammonia on Sic. The substrates of the 6H polytype (6H-Sic) are grown by the Lely method and are oriented in the [OOOl] plane. The growth of the GaN layers is performed using a modification of the sandwich method as originally described in Ref. 8. The quartz reactor contains several deposition cells in a row that share the same ammonia gas stream. Each cell consists of a Ga source and a Sic substrate separated by a gap of 5 mm. The heating is performed by a high-frequency generator on a graphite rod. The surface of this rod is covered by a layer of Sic to prevent the evaporation of C into the reactor volume. The gradient of the ---')Present address: Center of Advanced Materials, Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720.
resulting temperature field across the narrow gap is perpendicular to the surface of the substrate. The ammonia flows through the gap with a speed of 25 to 50 llmin. Under these conditions there is an efficient mass transport of Ga vapor and activated nitrogen towards the substrates. Prior to deposition the 6H-SiC substrates are etched in molten KOH. At growth temperatures between 1170 and 1270 "C singlecrystal layers of GaN are obtained at a growth rate up to 300 pm/h. The GaN epitaxial layer thickness was 60 pm. These GaN layers showed n-type conduction, the electron mobility ranged from 30 to 80 cm'ff s. The GaN epitaxial layers were characterized by photoluminescence in the spectral range from 3.5 to 0.5 eV using a high-resolution 1 m grating monochromator or a Fourier transform spectrometer. The samples were excited with the 325 nm line of a HeCd laser. In the detection system a photomultiplier or liquid-nitrogen cooled Ge or InGaAs diode was used. Reflection and absorption measurements in the mid-and near-infrared at room temperatures and 1.9 K were also performed on a Fourier transform spectrometer.
For x-ray diffraction, the Cu Kcu, line was used. The sample was oriented along a high symmetry axis in the basal plane. Reflections from the planes perpendicular to the c-axis [OOOl] are expected as shown in Fig. 1. At 20 = 34.5 degrees the GaN (0002) reflection occurs with a half width of 6 minutes. The rocking curve taken at this detector angle results in a half width of 7.5 minutes. These values are similar to data obtained from MBE or MOCVD grown GaN on sapphire.' At 73 degrees the second order of the (0002) reflection, (0004), is seen. On a logarithmic scale next to the (0002) line, the symmetric neighbor reflections of the (lOjO> and (1Oil) planes are observed at an intensity ratio of l/2000. These reflections within the basal plane, symmetric to (0002), are characteristic for hcp structures. However, they are forbidden in this orientation, indicating a small fraction of orientation out of plane most likely caused by twinning effects during growth. Their low intensity and Free carrier concentration at room temperature was determined by the reflectance (see Fig. 2 ) in the mid-infrared (500-2.500 cm-') and the optical absorption (Drude absorption) in the near-infrared range (1-2 pm). In the range from 500 to 750 cm-' the retlectance is dominated by the optical phonons. On the high-energy side, the dielectric susceptibility is given by the free electrons. The position of the reflectance minimum between both regions is very sensitive to the Wave Number (cm-') ETG. 2. Reflectance spectrum in the mid-infrared spectral range for GaN on 6H-SiC (T=300 K). density of the free carriers.g'10 From a line-shape analysis, a carrier density ranging between 2 and 4 X 1Ol7 cmm3 is derived in most of the samples. The values of the reflectance and the absorption method agree within a factor of two.
In Fig. 3 , we compare the low-temperature photoluminescence results for two of the samples. In the first sample, the donor bound exciton" recombination at 3.47 eV is rather weak. The luminescence is dominated by the impurity related transitions (donor-acceptor or band-acceptor) around 3.26 eV and the deeper luminescence at 2.2 eV which according to other groups is related to intrinsic defects.12 The ratio of exciton to donor-acceptor pair recombination can be taken as a measure of the quality of the samples. In the best layers, as shown in Fig. 3(b) , the intensity ratio was 3O:l and the donor bound exciton had a line width of 4 meV, comparable to MBE or MOCVD grown layers. Under high resolution additional fine structure was seen on the exciton line, implying that the line width could be as narrow as 3 meV.
Impurity related transitions are seen at 3.37 and 3.31 eV [see Fig. 3(a) ]. In a recent publication,13 it was reported that the 3.37 eV line appeared after hydrogen passivation of the Mg acceptors in GaN. From the temperature dependence of the 3.31 eV line, we conclude that it is an independent transition and not a phonon replica of the 3.37 eV line. From 5 K up to 30 K its intensity decreases more or less linearly. At higher temperatures, it merges into the transition centered around 3.26 eV and could not be followed any more. Assuming band to acceptor transitions, which is plausible for the high carrier density of 4 X 1017 cme3, a binding energy of 190 meV is calculated (for the band gap of GaN at low temperatures a value of 3.50 eV is assumed). Such a shallow acceptor level has to our knowledge not been reported before. Carbon could be a possible candidate contaminating the GaN layers by evaporation from the graphite rod. Carbon doped GaN as well as GaN implanted with C have been investigated earlier.12,14 In the implantation studyI no nearband-gap luminescence due to C could be found; only the deep center at 2.2 eV appeared. Doping with C enhanced this particular luminescence, and it was concluded12 that the recombination is between a shallow donor level and a deep acceptor complex involving C as a constituent. We can C. Wetzel et al. speculate that C induces also a shallow level but more experiments are needed to clarify the role of C in GaN.
The recombination at 3.26 eV is often observed in undoped GaN. The zero phonon line is followed by up to 4 phonon replicas with average energies of 92 meV [see Figs. 3(a) and (b). The peak positions agree well with values reported by Khan et a1.i5 They studied the inlluence of Si on the photoluminescence of GaN and concluded that the 3.26 eV donor acceptor recombination is due to Si as an unintentional dopant. The intensity of the luminescence was proportional to the amount of Si in the sample.r5 For GaN on Sic grown at temperatures around 1100 "C, Si can evaporate from the substrate and diffuse into the epitaxial layer. Evidence for Si as a shallow acceptor in GaN stems from the Fourier transform infrared measurements. 16'17 At 2093 cm-t a local vibrational mode is observed which could be due to Si acceptors passivated by hydrogen. Further details will be published elsewhere.r6
Most previous photoluminescence investigations concentrated on the spectral range from the band gap region down to 1.5 eV. Therefore the characteristic internal luminescence lines of the 3d transition metal elements in the near infrared were not seen. Baur et a1.r' were the first to report on infrared luminescence of the iron acceptor in undoped epitaxial GaN layers. Here we confirm their findings. In Fig.  4 the luminescence spectrum from 1.4 to 0.9 eV is shown. In order to achieve high resolution, a Fourier transform speo trometer is used. Three prominent zero phonon lines (ZPLs) are seen at 1.299, 1.193, and 1.047 eV followed by phonon replicas. The transition at 1.299 eV corresponds to the internal 4T1(G) -+ 'Al(S) recombination of Fe3+ on Ga site, the 3d5 configuration. The origin of the ZPL at 1.193 eV is unclear and deserves further investigation. In Ref. 18 it is tentatively assigned to the 3T2(F) --+ "Aa transition of
Cr4+. The third line at 1.047 eV is attributed to the internal luminescence of V3+ on Ga site. V3+ has the 3d2 configuration identical to Cr4+ as mentioned above. More details will be presented in a forthcoming pub1ication.r' The three ZPLs were strongest when illuminating the sample with above-band-gap light, but could also be seen under the excitation of the green line of an Ar ion laser (514 nm). All three impurities, hence, are electrically active, inducing energy levels in the band gap of GaN.
In conclusion, we have shown that GaN grown on 6H-Sic by the sandwich sublimation technique has excellent crystalline and optical properties comparable to MBE and MOCVD grown layers. The residual impurities acting in GaN on Sic as shallow acceptors are tentatively assigned to Si and C. The presence of three different 3d transition elements with their characteristic luminescence bands between I.3 and 1.0 eV in GaN is demonstrated.
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